Performance of a fish caudal fin is brought out from many factors, such as the shape, the movement and the elasticity. The present study treats all of these factors simultaneously and attempts to visualize the complex design space using Kriging and SOM. As a result, the present study succeeded in visualizing the complex structure of the design space of the oscillating wing(caudal fin), and the combined effects of the design variables are shown. This data will become extremely useful for practical design of fish robots and other nautical machines. 
Nomenclature
AR
Introduction
In the long evolution process, marine creatures have acquired various features suitable for refined swimming. The yellow fin tuna can swim at more than 70 km/h, while the rainbow trout can turn with a radius of revolution of 10 to 30 % of its overall length. These performances are remarkable compared to the present nautical engineering machines. Theoretical studies of swimming performance of marine creatures have been conducted by Lighthill (1) and many other researchers (2) , (3) . These studies showed a trade-off between the thrust and the propulsive efficiency in swimming motion, and also proposed the combination of fin shape and motion, desirable for effective swimming. In addition, it was reported that the fins elastic flexibility also has a good effect on the swimming performance (4) , (5) .
Recently, robotic technology has developed and fish locomotion is gaining attention as a next-generation vehicle again. The present fish robots have succeeded to look like a real fish, but these robots have not been able to achieve the high performances the fish have. The reason is interpreted as follows: Theoretical studies have treated the different disciplines concerned with caudal fin separately. In most studies, some parameters are varied and checked for their effects, while the rest of parameters are fixed. The knowledge obtained from such studies is not useful for practical design due to the lack of consideration of the interaction among the disciplines. To resolve this problem, the present study treats the caudal fin in a multidisciplinary manner, i.e. considers the effect of the shape, the movement and the elasticity simultaneously.
The aim of this study is to visualize the structure of the design space in an easy to understand way and reveal the relationships among design variables which maximize the thrust coefficient and the propulsive efficiency. In this data mining process, Latin Hyper Sampling(LHS) (6) , Kriging (7) and Self Organizing Map (SOM) (8) were used. LHS is one of Design of Experiment methods(DOE) used to choose initial sample points effectively. Kriging is one of response surface methods which approximate the objective function using alternative equation, which is less expensive to evaluate. The Kriging model was used to carry out optimization using Genetic Algorithm(GA). SOM is used to visualize the structure of the design space.
As for the evaluation of performance, Modified Doublette Lattice Method (MDLM) (9) , (10) and Finite Element Method (FEM) are used. MDLM is a method which is extended from DLM (11) by calculating the leading-edge suction force. Although DLM is a method based on potential theory, it is generally thought that the caudal fin of a fish does not have any separation region while cruising, because this prevents the fish from increasing its propulsive efficiency. And when the effective angle of attack is less than 15
• , it is considered that separation does not occur around an oscillatory wing (12) . In the present study, a constraint is imposed to ensure this. Therefore, the flow evaluation using potential theory makes sense. Two case of the caudal fin, one considering elasticity and other without elasticity, are investigated using Kriging. Results of the two cases are compared and the effect of the elasticity is discussed. Further data mining is carried out using SOM, and one of the solutions obtained from SOM is evaluated and the motion of the wing tip and the wing root are shown.
Model

Caudal fin definition
In the analysis model, caudal fin is treated as an oscillating wing. The wing shape is simplified and defined by AR, λ and Λ. Figure 1 shows a planar shape of the wing. X axis shows chordwise direction and Y axis shows spanwise direction. The wing is symmetry against X axis. The movement consists of heaving and pitching oscillations, and the pitching oscillation has φ. Figure 2 shows a root section of the wing. The heaving and pitching oscillations are described at the pitch axis as follows.
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where Z is the vertical displacement of the wing surface, the first, the second and the third term correspond to the displacement by heaving oscillation, pitching oscillation and elasticity, respectively.
Evaluation formula
Thrust coefficient and propulsive efficiency are used to evaluate the wing performances. These are defined as follows.
η p = power used for the thrust power used for the wing oscillation
where,
The thrust results from the loading acting on the wing surface and the suction force acting on the rounded leading-edge owing to the low pressure associated with the fast flow around it. The thrust contribution from the leading-edge suction is represented as
Very high leading-edge suction compared with pressure contribution leads to boundary layer separation, which causes a considerable thrust reduction. Therefore a high value of the ratio should be avoided.
To estimate the wing elasticity, bending stiffness D is calculated for obtained solutions. As the D takes a large value, the wing is getting harder to bend.
With the assumption of a quasi-steady flow, the effective angle of attack induced by the coupled pitching and heaving oscillations is given by
This parameter means actual inflow angle against the wing, thus it is important to figure the flow around an oscillating wing.
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Approach
Evaluation
Lagrange's equation was employed to solve the wing displacement and the pressure contribution on the wing. Kinetic and strain energy of the wing can be expressed
where M i is the generalized mass given by
m is the wing mass per unit area, Φ i is the modal shape of the wing, ω i is the modal frequency and q i is the generalized coordinate of the elastic deformation. Suffix i shows i-th vibration mode. S represents the surface integral on the full span wing area. Generalized force Q i can be given by
is pressure difference between the upper and lower surfaces of the wing.
By assuming sinusoidal wing motion and introducing a complex expression, ∆C
p and q i can be expressed as
where ∆C (F) p is the pressure difference coefficient due to the rigid wing displacement and ∆C p j is the pressure difference coefficient due to the j-th natural vibration mode. ∆C (F) p and ∆C p j can be computed by solving the integral equations of the lifting-surface theory, namely,
K WT is the kernel function, x, y, ξ and η are dimensionless coordinates obtained by dividing the physical coordinates by semi-chord length. Substituting Eqs. (10), (11) and (13) into Lagrange's equations of motion, we finally obtain the general expressions for the equation of motion of an elastic flapping wing as
where F(X,Y,T) can be expressed as By solving Eq.(20), we can obtain ∆P and once ∆P is given,C t and η p can be computed as follows.C t is composed of two componentsC tl andC td .C tl can be computed by a procedure similar to that proposed by Lan (3) for the quasi-vortex lattice method. First, we compute the leading-edge singularity parameter C s using pressure coefficient ∆C p .
where x l,lp is the x coordinate of the midpoint of the lifting line of the leading-edge panel and x l is the x coordinate of the leading-edge. It should be noted that x l,lp and x l are function of y. Using C s , we finally computeC tl as
where C(y) is the dimensionless local chord length and Λ e is the sweep angle of the quarter chord line of the leading-edge panel. can be given bȳ
where C sr and C si are the real and imaginary parts of C s given by Eq.(22). It should be noted that the number of chord-wise and span-wise panels should be more than 30 and 20, respectively, in order to obtain a converged solution ofC tl . C td can be given bȳ
where Re indicates the real part of a complex quantity andT d indicates time-averaged thrust due to the pressure which is perpendicular to the plane of the wing.C t can be given by substituting Eqs.(23) and (25) into Eq.(4). C pw can be given bȳ
By substituting Eqs. (25) and (26) into Eq. (5), η p can be given. MDLM was employed to solve Eqs.(18) and (19). FEM was employed to obtain modal shape and frequency. MDLM is an extension of Doublet Lattice Method (DLM) (11) which is suitable for the simulation of the unsteady fluid dynamic force for an arbitrary shape of a wing. While DLM does not consider the leading-edge suction, MDLM is improved to calculate the leading-edge suction force (3) at the same time. The code validation of MDLM is shown in Appendix. DLM was chosen for the low computational cost. However it does not consider viscosity. Therefore the evaluation is carried out under the constraint that α e is less than 15
• , since, from numerical analysis, separation was not observed around the wing under this condition (12) .
While cruising, separation prevents the fin from achieving high propulsive efficiency, thus fish does not have any separation around the caudal fin while cruising. Therefore the evaluation using potential theory under the constraint makes sense, when the model is assumed to be in cruise. 
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Optimization
In this study objective functions are the maximization ofC t and η p (Eqs. (4) and (5)). Design variables and their range are shown in Table 1 . The position of the pitch axis is defined with the origin at the half chord position in the trailing edge direction, and the value is normalized by the semi-chord length.
First of all, initial sample points are generated using LHS. In this method, the range of the input variable is divided into N strata equally, and sample one from each stratum. Thus, it is ensured that each of the input variables has all portions of its distribution. Even when the output is dominated by only a few of the input components, this method ensures that each of those components is represented in a fully stratified manner, no matter which components might turn out to be important. Here, the constraint α e < 15
• is imposed to the generated solutions. Next, response surface is generated from the samples using Kriging. Kriging is superior in improving the surface accuracy by adding sample points around the place where good solutions may be statistically. This model predicts the value and the uncertainty of the value at any point using stochastic process. Positions of additional sample points are decided using the criterion "Expected Improvement(EI). " EI indicates the probability of a point being the optimum in the design space. This process is referred to as the updating of the model. This process enables improvement of the model and robust exploration for the global optimum.
Optimization to maximizeC t and η p is carried out on the response surface using GA. Constraints are α e < 15
• ,C t > 0.06 and γ l < 1. A high value of γ l is inadvisable, because it is possible to induce separation. Thus the constraint is imposed forC tl not to exceedC td .C t is set to be greater than the drag. In the present study the root semi-chord length is 0.05 m and the wing thickness is 0.001 m. Free stream velocity is assumed to be 2 m/s.
Results and Discussions
Kriging models were constructed for two wings: One is for a rigid wing and the other is for an elastic wing. The former wing will be called the rigid wing and the later will be called the elastic wing. 160 sample points were chosen using LHS for each Kriging model, but the number of the solutions which enables to produce positive thrust was 103 and 88, respectively. These solutions, which have positive thrust, were used for constructing the Kriging models. The Kriging models were updated five times. The final number of the sample points was 173 and 163, respectively. parameter calculated from the design variables. Non-dominated solutions were circled with black line. The results of the rigid wing and the elastic wing were compared. Figures 5 and 6 show solutions colored by AR. Generally low AR wing can produce instantaneous vortex on the wing, when it has a large and fast heaving oscillation, and this vortex induces thrust. On the other hand, high AR wing reduces the induced drag, making it desirable for achieving high efficiency. Present study does not consider the viscous effect i.e. such a merit of low AR wing is not considered. Thus non-dominated solutions tend to have a high AR. Figures 7 and 8 show solutions colored by Λ. The solutions of the rigid wing do not show significant trends. Chopra showed that theC t and η p of a rectangular wing and a swept wing do not show a significant difference, when only the power averaged over one period is considered (2) . Present study only considers the time averaged work, therefore no trends were seen. When the time-line of the power is considered, the rectangular wing often includes negative work in the period. Studies done in biology showed that when the swimming includes a phase of negative work, muscle must exert additional positive energy. Thus negative work is avoided in nature. Therefore, when study treats natural caudal fin, the time-line of power should be considered for the evaluation. The solutions of the elastic wing show that η p takes large value, when Λ takes a large value. This shows that Λ has an effect on the η p of the elastic wing. When the wing is elastic, the wing sections near the root of the wing and near the tip of the wing have different phase advance angles and angles of attack. Due to this elasticity, the deformation in the wing tips acts to relieve the pressure distribution on the wing surface and the work being done by the wing, resulting in a high value of η p .
Therefore, by looking at the time-line of the pressure distribution in different spanwise locations, the effect of Λ on η p will be clarified in detail. This issue will be discussed again later. In these figures,C t takes a large value, when k takes a large value and η p takes a large value, when k takes a small value. Large h 0 and k makes a large inflow velocity and inflow angle. They result in a large value ofC t . Fig. 9 Solutions of rigid wing plotted by the object functions and colored by the k Fig. 10 Solutions of elastic wing plotted by the object functions and colored by the k α e is an interesting parameter, which composes of h 0 , α 0 , k and φ. Figures 11 and 12 show solutions colored by α e . The figures show that whenC t takes a large value, α e takes a large value and when η p takes a large value, α e takes a small value. Figures 13 and 14 show that φ tends to take a value from 80
• to 90
• . Therefore it can be assumed that sin(kt + φ) ≈ cos(kt).
Thus Eq.(9) can be written α e = tan −1 (−kh 0 cos kt) + α 0 cos(kt)
And when tan −1 (−kh 0 ) ≈ −kh 0 ,
kh 0 shows maximum inflow angle owing to heaving oscillation and α 0 shows maximum inflow angle owing to pitching oscillation. Thus θ means the ratio of these inflow angles. SinceC td takes a negative value, when θ exceeds 1.0, therefore it is advisable for θ not to exceed 1.0. This equation indicates that when the wing moves fast and the heaving oscillation is more dominant, α e takes a large value and it results in a largeC t and when the wing moves slow and the pitching oscillation is more dominant, α e takes a small value and it brings out a large η p . To visualize the structure of the design space of the elastic wing in detail, GA was carried out on the Kriging model. Constraints are γ l < 1.0,C t > 0.06 and α e < 15
• . Non-dominated solutions were clustered by the objective function values and colored by each value of the objective functions, design variables and parameters, using SOM. Figure 15 shows the map. The characteristics of the design variables are shown clearly. The most interesting parameter in the elastic wing is the bending stiffness (D). Large D indicates that the wing is stiff. The parameter shows that η p requires some elasticity andC t requires stiffness. Deformation reduces the pressure contribution on the wing, thus it reduces W but it makes the wing difficult to obtain largeC t .
Large values of AR and Λ seem to have a good influence on η p . Referring to D, when η p is large, D takes a small value. This means that when the wing has elasticity, the large AR and Λ cause efficient deformation and it helps η p take a large value.
φ takes a small value, when the value of D is small. This leads to an assumption that the deformation of the wing results in the phase delay of the heaving oscillation, thus the wing takes a small φ and adjusts the phase of the wing as whole.
The trends obtained above are a result of SOM, which means that the map does show the trend, but the local information in the SOM does not necessarily represent a certain solution. Therefore, to confirm that the good combination of the design variables proposed by SOM actually gives good performace, one combination of the design variables which has a high η p was chosen from the SOM and simulated using MDLM and FEM. The design variables Science and Technology shows the chord direction and the vertical axis shows displacement of the wing( Eq. (3)), each value is normalized by semi-chord length. At the wing tip φ takes a value near 90
• . The wing tip delays the wing root, as the heaving velocity takes a large value. And the wing tip catches up with the wing root, when the heaving velocity takes a small value. If the center of each section is regarded as the center of their motion, the pitching and heaving amplitudes are α 0 = 27 • , h 0 = 2.0 and φ = 83
• at the wing root and α 0 = 27
• , h 0 = 1.8 and φ = 90
• at the wing tip. In the results, the assumed α e is 11.6
• and 7.16
• respectively. This means the wing root prioritizesC t and the wing tip prioritizes η p .
When the wing has a large AR and Λ, and when h 0 is small as the chord length, the section of the wing root and that of the wing tip which locates opposite side of the wing root across a pitching axis have a different φ, respectively. The deformation of the wing causes a phase delay of the heaving oscillation at the wing tip. Furthermore, the twist of the wing causes a phase difference of the pitching oscillation. Such phase differences affect theC t and η p .
Conclusions
The aim of the present study was to treat the caudal fin in a multidisciplinary manner, i.e. consider the shape, the movement and the elasticity at the same time, and visualize the structure of the design space for practical design.
Regarding the shape, large AR wing was superior. This was due to the fact that a large AR wing reduces induced drag and the favorable viscous effect which occurs on small AR wing is not considered in this study. Λ did not show any trend for the rigid wing, but showed some effect on the elastic wing. Large AR and Λ affect the deformation of the wing and cause high η p . Results of the movement show good agreement with past studies. α e was dominant parameters in both the rigid and the elastic wings.
Results of SOM showed the structure of the elastic wing design space clearly. And one of the solution was chosen from the map and calculated to confirm the resultant displacement of the wing. The periodic motion of the root and the tip were shown. In the results, it was revealed that φ takes a value near 90
• at the wing tip. The result is brought by the combination of a, Λ, φ and D. Each variable affects the phase in each location of the wing. Present study achieved to visualize the complex structure of the design space of the oscillation wing (caudal fin). From these results, the effects of the combination of the design variables were shown.
